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Introduction
As one of the most severe health conditions worldwide, gastric cancer (GC) remains the fourth most common cancer and the third leading cause of cancerrelated mortality worldwide. 1, 2 According to the latest Chinese cancer data statistics report, the new cancer cases and crude incidence of GC is 30.0/10 5 , behind the lung cancer and female breast cancer, and the cancer deaths and crude mortality rate of GC is 21.48/10 5 , following the lung cancer and live cancer. 3 Although recent advances have made in diagnosis, surgical resection, chemotherapy and radiation therapy, the prognosis of patients with advanced GC remains rather poor due to the recurrence and metastasis. 4 Therefore, identification of the appropriate molecular biomarkers and elucidation of the potential molecular mechanisms are needed for GC therapy. BRMS1 (breast cancer metastasis suppressor 1) was discovered using a differential comparison of parental MDA-MB-435 cells, and the neo11/435 clone led to the discovery of the BRMS1 chromosomal locus and showed suppressed metastatic potential in the lungs and regional lymph nodes without preventing primary tumor growth, as shown by Jabed Seraj and colleagues in 2000. 5, 6 This molecule has been reported to suppress metastasis not only in breast cancer, but also in non-small cell lung cancer, ovarian cancer, melanoma, rectal cancer and so on. 7 Detection BRMS1 expression in primary GC tissues and metastatic GC tissues by immunohistonchemistry (IHC) and construction of a xenograft model, we found that BRMS1 was markedly stronger in the primary tumor compared with metastasis gastric tumor, which can further suppress the metastasis of GC cells in nude mice but did not inhibit the growth of gastric tumors. 8 For the past years, our team have found that the expression of BRMS1 was regulated by miR-125a-5p, which is low expressed in GC and further affects the invasion and metastasis of GC cells in vitro. 9 A previous report showed that the expression of BRMS1 can significantly inhibit the adhesion, migration, invasion and metastasis of mouse forestomach carcinoma GC cells, which is related to the NF-κB signal pathway. 10 However, the mechanism responsible for the downregulation of miR-125a expression in GC is unknown. In addition to the noncoding RNA miR-125a discussed in our previous study, 9 is there any other potential mechanism leading to the low expression of the tumor suppressor BRMS1 in GC?
Epigenetics is defined as the study of changes in gene function that are mitotically and/or meiotically heritable and that do not involve a change in the sequence of DNA. 11 Epigenetic modifications play a critical role in the development of pediatric and adult cancers, contributing to the cumulative changes observed as normal cells undergo malignant transformation. 12 The most common mammalian epigenetic modifications are DNA methylation, histone modification, chromatin structure and transcriptional activities. Both DNA methylation and histone modification are associated with silencing critical tumor suppressor genes and activating oncogenes involved in cancer. 13 Researchers have reported that BRMS1 was downregulated by DNA methylation in breast cancer, non-small cell lung cancer and cervical cancer, 14 but the mechanism of its low expression in GC remains unclear. Moreover, genomic DNA copy number variation (CNV) is an important type of genetic alternation observed in tumor cells, and it contributes to tumor evolution by altering the expression of genes within the region. 15 Our previous study has found that both of BRMS1 and miR-125a-5p were low expressed in GC tissues and BRMS1 is a potential target gene of miR-125a-5p in GC. 9 However, the frequency as well as the relevance of BRMS1 and miR-125a in GC has yet to be determined. Many studies have shown that the enhancer of zeste homolog 2 (EZH2) is an epigenetic modifier, which has been reported that overexpressed in GC tissues and promoted GC proliferation and metastasis. 16, 17 As one of the enzymatic subunit of the polycomb repressive complex 2 (PRC2), EZH2 has been reported to silence the expression of miR-125a and miR-320c in multiple myeloma. 18, 19 Whether the miR-125a expression will be inhibited by EZH2 in GC is unknown.
In this study, we evaluated the potential mechanism of miR-125a and BRMS1 in GC and found that BRMS1 may be regulated by CNV, methylation and miR-125a-5p. The histone methylation-modified protein EZH2 is an important regulatory factor that results in the low expression of miR-125a. Epigenetic changes mediate the miR-125a/BRMS1 axis to inhibit the invasion and metastasis of GC cells. In vivo experiments also showed that BRMS1 is involved in invasion and metastasis but not proliferation in GC.
Materials and methods

Patients and tissue samples
Matched GC and adjacent normal gastric tissues were acquired from 31 patients who underwent primary surgical resection at the First Affiliated Hospital of Nanchang University, China, from March 2016 to December 2017. All of the specimens were evaluated by two pathologists according to the American Joint Committee on Cancer (AJCC) TNM staging classification for carcinoma of the stomach (7 th ed. 2010). No local or systemic treatments were administered to these patients before surgery. All of the involved patients provided informed consent and a signed agreement. The study protocol was approved by the Ethics Committee of the First Affiliated Hospital of Nanchang University (Nanchang, China).
Cell culture
The human GC cell lines SGC-7901, MKN-28 and BGC-823 (ATCC, Manassas, VA, USA) and the human normal gastric epithelial cell line GES-1 (Shanghai Institute for Life Science, Chinese Academy of Sciences, Shanghai, China) were cultured in RPMI 1640 (Solarbio, Beijing, China) supplemented with 10% fetal bovine serum (Biological industries, USA) and incubated at 37°C, 5% CO2, and saturated humidity.
Cell transfection
The human miR-125a plasmids, miR-control plasmids, anti-miR-125a and anti-miR-control were constructed as previously described. 9 The full-length fragments of BRMS1 were amplified, which were inserted into a pEX-4 vector to generate a BRMS1 overexpression plasmid (GenePharma, Shanghai, China), with empty pEX-4 vectors serving as a negative control. The siRNA small-interfering (si)RNA (#S1 sequence, 5ʹ-GGAAUAAGUACGGAAUGUGA-3ʹ) that targets the BRMS1 gene was synthesized by Guangzhou RiboBio Co., Ltd., (Guangzhou, China) as previously described. 9, 20 The target siRNA for EZH2 (GenePharma, Shanghai, China) was as follows: shEZH2#1: 5ʹ-CCAAC ACAAGTCATCCCATTA-3ʹ; shEZH2#2: 5ʹ-TATGATGGT TAACGGTGATCA-3ʹ.
Total RNA extraction and quantitative real-time polymerase chain reaction Total RNA was extracted from the cultured cells and frozen tissues using TRIzol reagent (Invitrogen, Karlsruhe, Germany) following the manufacturer's protocol. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed to amplify the targets using a LightCycler ® 480 real-time PCR system (Roche Diagnostics, Basel, Switzerland) with specific mRNA/miRNA primers and SYBR ® Premix Ex Taq™ II reagents (TaKaRa Bio, Inc.) according to the manufacturer's protocol. The specific primers used are presented in Table 1 . The thermocycler conditions were as follows: 94°C for 4 min and then 35 cycles of 94°C for 20 sec, 60°C for 30 sec, and 72°C for 30 sec.
DNA extraction, methylation-specific PCR (MSP) and bisulfite sequencing PCR (BSP)
Genomic DNA from patient samples and cell lines was isolated using an Easypure Genomic DNA kit (TransGen Biotech, Beijing, China). We conducted a bisulfite conversion and purification using the EpiTect Bisulfite (QIAGEN, CA) with the procedure according to the product manual. Methylationspecific PCR (MSP) and bisulfite sequencing PCR (BSP) were performed and analyzed as previously described. 21, 22 
5-Aza-2ʹ-deoxyazacytidine demethylation treatment
To block DNA methylation, SGC-7901, MKN-28 and BGC-823 cells were treated with 5-Aza-2ʹ-deoxyazacytidine (Sigma-Aldrich, St Louis, MO) as previously described. 22, 23 Protein extraction and Western blot Protein extraction and cell lysates were prepared using RIPA protein extraction reagent (Beyotime, Beijing, China) supplemented with a protease inhibitor cocktail (Transgen Biotech, China). GAPDH (ZSJQB Co., Ltd., Beijing) was used as a control. BRMS1 (ab134968) and EZH2 (ab186006) were purchased from Abcam.
Transwell assay
The cell migration and invasion abilities were detected by a transwell Boyden chamber (8 um pore size, Corning Life Science, USA). The Matrigel was added to the upper chamber for the invasion assay and without Matrigel for migration assays. The experimental procedures refer to the previous studies. 24, 25 
Animal experiments
Female athymic BALB/c nude mice (4 weeks old) were used for the tumor formation assay as previously described. 8 Female BALB/c nude mice (age, four weeks, weight, >15g) were purchased from Hunan SJA Laboratory Animal Co., Ltd (Changsha, China), which were randomly divided into four groups (n=5) to establish GC xenografts. Then, the mice were injected subcutaneously or inoculated peritoneally with 6×10 6 gastric cells in 200ul PBS. Tumor length (L) and width (W) were measured every week. Tumor volume was evaluated using the following formula: tumor volume =LW 2 π/6. All mice were sacrificed after 30 days, and the peritoneal metastatic nodules were measured. All animal experiments were approved by the Animal Ethics Committee and conducted by the official recommendations for the Care and Use Laboratory Animals of First Affiliated Hospital, Nanchang University.
ChIP
We performed chromatin immunoprecipitation (ChIP) using the EZ ChIP TM Chromatin immunoprecipitation Kit (Millipore, Bedford, MA) for cell line samples according to the previous studies. 26, 27 Bioinformatics methods TCGA stomach adenocarcinoma dataset (STAD) was downloaded from cBioportal (http://www.cbioportal.org/). The transcriptional regulatory networks of miRNAs and proteincoding genes from ChIP-seq data were analyzed by ChIPBase (http://rna.sysu.edu.cn/chipbase/index.php). We used the online tool MethPrimer (http://www.urogene.org/ cgi-bin/methprimer/methprimer.cgi) to predict the gene CpG island. The predicted targets of miR-125a and their target sites were analyzed using microRNA, TargetScan and PicTar, and the methylation status of each DNA clone sequence was analyzed comprehensively and comparatively by CpG viewer, QUMA or BiQ analyzer. The Pol II promoter sequences im primary sequence data was searched by Promoter Scan (http:// www-bimas.cit.nih.gov/molbio/proscan/).
Statistical analysis
Statistical analyses were performed using Graphpad Prism 7.0 software. Experimental results are presented using means ± SD. Independent-samples Student's t-test or oneway ANOVA were used to analyze the possible differences between groups. The association between miR-125a expression and CNV were analyzed by Spearman's test (r; P-value). P-values < 0.05 was considered statistically significant.
Results
Evaluation of the potential mechanism of mir-125a and BRMS1 low expression in GC
Chromosomal structural variation and epigenetic modification are two of the main mechanisms leading to abnormally expression of genes. 28 In a previous study, we have found that both miR-125a and BRMS1 were expressed at low levels in GC, 9 but the mechanism underlying their low expression remains unknown. In this study, we speculate that copy number alternations (CNAs or CNV) or deletion may contribute to the low expression of miR-125a and BRMS1. However, we did not find a significant correlation between CNV and miR-125a expression when we downloaded the CNVand mRNA expression data from TCGA stomach carcinoma dataset (P=0.9442) ( Figure 1A ). Next, we used 5-Aza-dc to treat SGC7901 and MKN28 and found that the expression of miR-125a and its target gene BRMS1 was altered ( Figure 1B and C). Therefore, we hypothesized that the promoter methylation may be the major cause of the low expression of miR-125a. Notably, BRMS1 expression changed much more than miR-125a when we added 5-Aza-dc to SGC7901 and MKN28 cells ( Figure 1B and C). To rule out the ability of the demethylating agent 5-Aza-dc to alter the expression of miR-125a which may lead to BRMS1 expression changes, we added anti-miR-125a and found that BRMS1 still presented high expression ( Figure 1D ). Based on the above analysis, in addition to being regulated by miR-125a, we suspect that BRMS1 may be regulated by other mechanisms such as methylation. To further confirm our conjecture, we analyzed the data from TCGA stomach carcinoma dataset and found that BRMS1 may be dually regulated by CNV(r=0.52, P<0.0001) and promoter methylation (r=−0.21, P<0.0001) ( Figure 1E and F).
Promoter methylation is not the primary mechanism leading to the low expression of miR-125a
Increasing numbers of studies have revealed that changes in DNA methylation of promoter associated CpG dinucleotides are an important mechanism leading to the dysregulation of miRNAs in cancers. 29 Using the online tool MethPrimer 30 with the default criteria, we found that miR-125a presented one clear CpG island in its upstream chromosomal sequence (Figure 2A ). To further confirm whether CpG island hypermethylation of the miR-125a promoter may suppress its expression, we carried out bisulfite sequencing (BSP) of CpG islands in the GES-1, SGC-7901 and MKN-28 cell lines ( Figure 2B ). By statistical analysis, the methylation level between GES-1 and SGC-7901, MKN-28 showed no significant difference (P>0.05) ( Figure 2C ). To test whether the hypermethylation of miR-125a also occurs in primary GC tissues, primary GC tissues and paired para-carcinoma tissues were used to examine DNA methylation status and expression patterns of miR-125a by BSP and qRT-PCR analysis. The qRT-PCR results showed that the expression levels of miR-125a in the 3 of 4 primary tumors were reduced compared with those of the para-carcinoma tissues (P<0.05) ( Figure 2D ). The methylation level of miR-125a in the primary GC was the same as that in the para-carcinoma tissues, but there was no statistically significant difference (P=0.1671) ( Figure 2E and F). All of the results suggest that promoter methylation is not the primary mechanism leading to the low expression of miR-125a.
EZH2 is an important molecule affecting the low expression of miR-125a
In addition to promoter methylation, histone methylation may be another important mechanism for the silencing of tumor suppressor genes, including microRNA. 29, 31 It has been reported that EZH2 inhibition downregulated the expression of miR-125a and miR-320c in multiple myeloma. 18, 19 Therefore, we speculate whether there is a correlation between miR-125a and EZH2 in GC. As was shown in Figure 3A , there was a negative correlation between EZH2 and miR-125a in GC from TCGA Pan-Cancer (r=−0.216, P=4.06x10 −6 ) 32 which was analyzed by
ChIPbase. 33 Our test results in 31 paired GC tissues analyzed by qPCR also confirmed the conclusion (P<0.05). To further explore whether miR-125a targets EZH2 and downregulates its expression, we searched for it in popular miRNA target databases (microRNA.org, TargetScan, PITA) but did not find a target relationship between them ( Figure 3B ). As shown in Figure 3C , EZH2 expression did not present a significant change regardless of whether we added miR-125a mimics or anti-miR-125a (P>0.05) ( Figure 3C ). All the results implied that miR-125a may not be upstream of EZH2 and regulate its expression. Therefore, is EZH2 located in the upstream of miR-125a and does EZH2 regulate its expression?
To further confirm this speculation, two RNAi sequences targeting EZH2 were synthesized and packed into lentiviruses and successfully interfered with the expression of EZH2, as shown by qRT-PCR and Western blots ( Figure 3D and E). We selected the sh2 with the higher interference efficiency for the subsequent experiments. As shown in Figure 3F , decreasing the expression of EZH2 markedly improved the expression of miR-125a compared with the NC group (P<0.05), which suggests that EZH2 may regulate miR-125a expression. The EZH2 enrichment region on the promoter region of miR-125a was also found on the Promoter Scan dababase. 32 To confirm that EZH2 binds to histone methylation in the promoter region of miR-125a, we performed a ChIP assay and found that the miR-125a promoter region was enriched in EZH2 in GC ( Figure 3G ). Notably, there was no significant correlation between EZH2 and BRMS1 expression by analyze the data downloaded from TCGA database (P=0.7131) ( Figure 3H ), which implies that BRMS1 may be mainly regulated by promoter methylation, CNV and miR-125a-5p. Promoter methylation affects the expression of BRMS1
The above analysis suggests that promoter methylation may affect the expression of BRMS1. We predicted the CpG island 1000 bp above the BRMS1 transcription initiation site by MethPrimer 30 and found that the CpG island is mainly concentrated in the 800 bp above the transcription start site ( Figure 4A ). By comparison, we confirmed that the promoter of BRMS1, which was analyzed by Promoter Scan, 34 was higher than that in the para-carcinoma tissues (51.6% vs 16.1%), which is the same as the results in the cell lines ( Figure 4D ). Two paired GC tissues were selected for further BSP testing, and the results also showed significant methylation in GC tissues compared with the paracarcinoma tissues ( Figure 4E and F).
Epigenetic regulation of the miR-125a/ BRMS1 axis Based on the above findings, we speculate that EZH2 may regulate the miR-125a/BRMS1 axis, which is also influenced by DNA methylation, as shown in Figure 5A . To further evaluate the role of EZH2 in the miR-125a/BRMS1 axis, we knocked down EZH2 expression in SGC-7901 cells by interference lentiviruses and found that not only was miR-125a expression changed, but also the target gene BRMS1 expression increased. Interestingly, BRMS1 expression was partly reversed when we added miR-125a inhibitor to inhibit miR-125a expression ( Figure 5B and C) . Subsequently, the 5-Aza-dc was added to SGC-7901, and we found that BRMS1 expression increased, along with decreased cell invasion ( Figure 5D ).
BRMS1 is involved in GC invasion and metastasis rather than proliferation in vivo
In a previous study, we have investigated the role of BRMS1 in GC invasion and metastasis in vitro. 8 To further confirm this conclusion, we selected the nude mice for in vivo experiments and found that overexpression of BRMS1 did not affect the proliferation of GC cells compared with the control group (P>0.05) ( Figure 5E and F) . However, there were fewer tumor nodes compared to the control group when we upregulated BRMS1 expression in GC cells and inoculate them in the mice peritoneal (P<0.05) ( Figure 5G and H) .
Discussion
As a tumor suppressor gene discovered over a decade ago, BRMS1 has been reported to suppress metastasis not only in breast cancer but also in hepatocellular carcinoma, non-small cell lung cancer, ovarian cancer and melanoma. 6, 7 Recently, we and others have demonstrated that BRMS1 expression was markedly stronger in the primary GC compared with metastasis GC and improve BRMS1 expression reduced the numbers of metastasis tumors in xenograft model. 8, 10 BRMS1 also can be recognized as a biomarker to predict the platinum-resistance for the patients of GC. 35 Our previous research also revealed that both miR-125a-5p and BRMS1 were low expression in GC tissues and miR-125a may act as a tumor suppressor by targeting BRMS1, which can further suppress metastasis of GC cells, 9 but the mechanisms for these genes are unknown. Epigenetics plays an important role in the silencing of critical tumor suppressor genes and the activation of oncogenes leading to carcinogenesis, which is not accompanied by modification in the DNA sequence. 13 Various biochemical pathways that are essential for tumorigenesis are regulated by epigenetic phenomena, such as histone modifications, nucleosome remodeling, DNA methylation and miRNA mediated targeting of various genes. 36, 37 However, somatic CNAs of genes are widespread genetic events in cancers that may result in the activation of oncogenes and inactivation of tumor-suppressor genes. 38 To evaluate the relationship between CNAs and the expression of miR-125a, we analyzed the data downloaded from TCGA stomach carcinoma dataset, but there was no significant difference between them. DNA methylation is a common epigenetic alternation and plays a key role in the silencing of numerous cancer-related genes, thereby affecting a number of vital cellular processes, including the cell cycle checkpoint, apoptosis, signal transduction, cell adhesion and angiogenesis. 39 Considering the role of DNA methylation in tumorigenesis, we treated the SGC-7901 and BGC-823 cell lines with 5-Aza-dc and found that BRMS1 expression changed much more than miR-125a. BRMS1 expression remained high when miR-125a inhibitors were added to cell lines treated with 5-Aza-dc. These results showed that the low expression of BRMS1 may not only be regulated by miR-125a but also by DNA methylation and CNV. The bioinformatics analyses from TCGA also confirmed our findings.
DNA methylation of the promoter CpG island has been shown to be a key mediator underlying the downregulation of microRNA expression. 31 The bioinformatics results from MethPrimer implied that the promoter of miR-125a contains CpG islands. To explore whether this CpG island will be methylated and play a key role in the low expression of miR-125a, BSP analysis was performed in GC tissues and cell lines. The results showed that there were no significantly difference for the methylation status of miR-125a in GC cancer tissues and cell lines. Although some reports have shown that low expression of miR-125a is associated with DNA methylation in colorectal cancer, multiple myeloma and so on, 40,41 the same phenomenon was not observed in our studies. Some reasons may explain our results. First, only 4 paired GC tissues were tested in this study. More paired GC tissues will be tested in future studies to illuminate the relationship between DNA methylation and miR-125a expression. Second, we only selected MKN-28, SGC-7901 and GES-1 cell lines in this study. The miR-125a promoter methylation level in MKN-28 and SGC-7901 cells may not increase as in other GC cell lines. In conclusion, DNA promoter methylation may not be the primary cause of the low expression of miR-125a.
Histone modifications can lead to activation or repression of gene expression, depending on the type and position of attached functional groups and amino acid residues that are modified. 42, 43 EZH2, also called histone lysine methyltransferase (HKMT), was cloned and identified as a gene belonging to the Polycomb group of genes, which epigenetically silences the expression of some tumor suppressor genes (TSGs). 44 High expression of EZH2 was associated with poor prognosis in GC. 45, 46 Knockdown of EZH2 by siRNA has been demonstrated to inhibit GC cell proliferation, colony formation, migration and invasion. 16 Considering the critical role of EZH2 in GC, we analyzed data of the correlation between EZH2 and miR-125a in data from the Chipbase datasets and by qPCR analyses of 31 paired GC tissues. The results showed that there is a negative correlation between them. However, the bioinformatics results did not identify EZH2 as a potential miR-125a target. Moreover, overexpression or inhibition of miR-125a did not influence EZH2 expression. All these results implied that EZH2 may not be regulated by miR-125a. Although miRNAs regulate multiple target genes by sequence-specific interactions with the miRNA response elements (MRE) on the 3ʹ untranslated regions (3ʹ-UTR) of related mRNA targets, 47, 48 we did not find evidence for a direct effect. However, downregulation of EZH2 significantly increased miR-125a expression and the ChIP assay indicated that the miR-125a promoter region was enriched in EZH2 in GC. The results showed that EZH2 may be located in upstream of miR-125a and mediate miR-125a gene expression. The previous studies also reported that EZH2 could regulate the methylation of microRNAs, including miR-200b/a/429, miR-34a, miR-361 and so on. [49] [50] [51] For this study, we have revealed the targeted relationship in which EZH2 regulates miR-125a expression, which is vrified the previous research 18 . In brief, the above studies elucidated the regulatory relationships between histone EZH2 and microRNA.
In addition, we did not find a correlation between EZH2 and BRMS1 by bioinformatics analysis, which means that EZH2 may not regulate BRMS1 expression, but DNA promoter methylation, CNV and miR-125a may be the primary cause for the low expression of BRMS1. Previous studies have reported that BRMS1 is downregulated by DNA methylation in breast, non-small cell lung and cervical cancer and others. 14, 52, 53 However, there is no evidence that promoter methylation is associated with low expression of BRMS1 in GC in previous studies. In this study, to confirm the above conjecture, BSP and MSP analyses were performed in GC cell lines and GC tissues, which showed that the promoter methylation level of BRMS1 is higher in GC cell lines (MKN-28 and SGC-7901) and GC tissues than GES-1 and the paired normal gastric tissues. The results obtained in this study combined with our observations indicated that EZH2 may regulate the DNA promoter of miR-125a, while BRMS1 may be mainly regulated by promoter methylation but not EZH2.
In a previous study, we have confirmed that BRMS1 is a potential target gene of miR-125a. 9 Based on previous reports and the foregoing content of this study, we speculate that the miR-125a/BRMS1 axis may be regulated by epigenetics. Knockdown of EZH2 expression altered the expression of miR-125a, and the expression of the target gene BRMS1 was increased. Interestingly, BRMS1 was partly reversed when we added anti-miR-125a to decrease miR-125a expression. Different combinations of 5-Aza and siBRMS1 showed that the miR-125a/BRMS1 axis was regulated by epigenetics, which further influenced GC metastasis and invasion. To further explore whether similar phenomena can occur in vivo, BRMS1 low/high expression cell lines were administered to nude mice. These results showed that increased BRMS1 expression did not affect the proliferation of GC cells but suppressed metastasis of tumor cells, which further verifies the previous studies. [54] [55] [56] 
Conclusion
In summary, we have confirmed that EZH2 regulates the expression of miR-125a, while BRMS1 may be mainly regulated by promoter methylation, CNV and miR-125a-5p in GC. An epigenetic mechanism mediates the miR-125a/BRMS1 axis to inhibit the invasion and metastasis of GC cells. These findings help illuminate the mechanism of BRMS1 inhibition of GC invasion and metastasis and contribution to the development of new drugs targeting the miR-125a/BRMS1 axis, which will be a promising therapeutic strategy for GC and other human cancers.
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